ABSTRACT Background: Longitudinal data on resting energy expenditure (REE) in extremely immature infants and full-term neonates are scarce but are necessary to understand the energy requirements in neonatal nutrition during the first weeks of life. Objective: The aim of the present study was to measure REE and its main components longitudinally during the first weeks of life to quantify their significant determinants. Design: REE was investigated longitudinally over a period of 6 wk in healthy, stable, and growing preterm infants and over 5 wk in full-term neonates by means of indirect calorimetry. Results: A total of 197 infants, including 183 premature infants and 14 full-term neonates, were recruited for the study. REE values increased in all gestational age groups from the first week to 5-6 wk of postnatal age, with the most pronounced increase in the smallest infants (+140%) and the smallest increase in the fullterm neonates (+47%). Univariate calculations showed that for each postnatal week, REE increased by 6.93-9.64 kcal Á kg 21 Á d 21 with each additional kcal administered, for an average increase of 0.701 kcal, and increased by 1.78 kcal for each 1 g gain in weight. Postnatal age was the strongest predictor to influence REE (r 2 = 0.727, P , 0.0001).
INTRODUCTION
One of the goals of neonatal nutritional practices is to provide adequate nutrition to achieve anthropometric indexes and body composition similar to those of the normal fetus in utero of the same gestational age. However, providing an adequate energy supply to extremely immature infants exposed to many different conditions that can lead to considerable variability in energy expenditure (EE) is difficult. The key issue in nutritional management is the understanding of energy requirements, because premature infants are not comparable with fetuses, because they are in a completely different environment. Energy expended by term and preterm infants is influenced by infant maturity, growth, calorie intake, physical activity, and several diseases (1-7). If energy intake is insufficient for EE and energy losses, growth may be restricted. It has been shown that insufficient energy intakes by preterm infants during early postnatal life results in an energy deficit as high as 800 kcal/kg after a period of 5 wk (2) . Moreover, it is well known that periods of nutritional deprivation in early infancy, especially of protein, lead to permanent defects that cannot be subsequently repaired (1, 2) . Recent investigations of the effect of early postnatal nutrition indicated that the rate of weight gain in premature infants is influenced by the amount of calories given, whereas gains in length and head circumferences are influenced by the amount of protein in the diet (1) .
During the first weeks after birth, EE increases in preterm and full-term neonates. This has been explained by increasing energy intake and physical activity (1) . However, most of the previously reported data in preterm infants are cross-sectional and were obtained by means of a variety of measurement techniques and in different circumstances (8) (9) (10) (11) (12) (13) . Three longitudinal studies of EE after birth were published in the 1980s (11) (12) (13) , which included 3-15 infants at different gestational and postnatal ages. The results of these studies varied because of different contributing factors that influence EE. Recently, 2 small longitudinal studies of resting EE (REE) in preterm infants with a birth weight ,1500 g (14) or ,1000 g (15) during the first 3 and 5 wk, respectively, were published. However, longitudinal studies of "normal" values of REE in a large cohort of healthy, growing, and stable preterm infants and full-term neonates have not been found in the literature. In addition, using tables and charts of nutrient utilization of preterm infants that have been estimated rather than measured is of limited use for designing balanced nutrition protocols. Moreover, estimated data are only realistic under the assumption that normal in utero fetal growth represents ideal growth of the preterm infant. The present investigation was designed to investigate and to provide reference values of REE in preterm and in full-term infants longitudinally during the first 5-6 wk after birth.
SUBJECTS AND METHODS
The eligible study population consisted of 197 stable, healthy, and growing neonates. Infants were divided into 4 groups according to their gestational ages: 1) 75 preterm infants with a gestational age of 26 to 28 wk, 2) 49 infants with a gestational age of 29 to 32 wk, 3) 59 infants with a gestational age of 33 to 35 wk, and 4) 14 full-term infants with a gestational age of 38 to 41 wk. The last group of infants had been admitted to the hospital because of maternal indications (eg, adoption or social problems) after birth. Studies after discharge were done as part of weekly outpatient clinic visits. The Ethical Committees of the Medical Faculties of Muenster and Heidelberg have approved the investigation and parental consent was obtained before studying each individual infant.
All infants were spontaneously breathing and free of major congenital malformations, septicemia, and pulmonary or circulatory compromises and did not receive supplemental oxygen during the entire study period. Because infants with intrauterine growth retardation may have increased EE (16) , only infants appropriate for gestational age (10th to 90th birth weight percentile) were included (17) . Infants with hyperirritability or lethargy and infants of diabetic mothers were excluded, because EE increases with increasing physical activity (9) and may be less in infants with reduced muscle tone (7) . All infants with a gestational age ,28 wk were treated with caffeine for apnea until they reached 34 wk of gestational plus postnatal age by using a loading dose of 10 mg Á kg 21 Á d 21 and a single maintenance dose of 5 mg Á kg 21 Á d 21 during the entire study period. The dosage was adjusted according to weight gain to maintain a dosage of 5 mg Á kg 21 Á d 21 during the study period. Preterm infants born after 28 wk and treated with caffeine were excluded from the study. To prevent interindividual variability of caffeine's influence on EE, all infants received the medication between 0900 and 1000. No other stimulating drugs, corticosteroids, or antibiotics that could alter EE were given during the entire study period.
Monitoring and behavioral state
All infants were monitored continuously with a cardiorespiratory monitor (model Vicom-smu; Marquette-Hellige GmbH, Freiburg, Germany). Heart rate, respiratory rate, and oxygen saturation were monitored continuously, and event data (apneas, tachycardias, bradycardias, periodic breathing, and oxygen saturation) were recorded for 24 h on a computer. Skin (lower leg) and rectal temperatures were measured continuously for 2 h before, during, and after indirect calorimetry. Room humidity (ranging from 35% to 45%) and temperature (ranging from 24 to 26°C) were kept constant and recorded during the observation periods. Indirect calorimetry was performed in neonates with a body weight ,1500 g in an air temperature-controlled incubator (Hill Room Air Shields; Heinen & Löwenstein, Bad Ems, Germany). Incubator temperature was adjusted to maintain the rectal temperature between 36.6 and 37.5°C and the peripheral skin temperature (at the sole of the right foot) between 34.5 and 35.8°C (18, 19) . Depending on the postnatal age of the infant, incubator humidity ranged from 80% in the first week to 65% thereafter. In more mature infants with a body weight .1500 g, who could maintain body temperature in a conventional warming bed, REE was recorded in an open warming bed providing conductive heat by using a heated gel mattress (Babytherm 8000; Draeger Medical AG, Luebeck, Germany). The warming bed temperature was adjusted to achieve the abovementioned rectal and skin temperatures. All infants were treated in the same type of incubator or bed. After the second week of life, term neonates were studied in their regular beds, which included skin and rectal temperature monitoring.
The behavioral states of all infants were recorded throughout the measurement period, based on the modified Freymond Behavioral State Scale (20) . Four different behavioral states were distinguished: 0 (eyes open or closed, regular respiration, no movements), 1 (small movements), 2 (vigorous movements), and 3 (crying). All the infants were studied only during the sleep (state 0-1). In infants who showed periods of activity states .1 during the measurements, calorimetry was stopped and the investigation was repeated 4 h later or on the next day.
Nutrition and weight
During the entire study period, all full-term neonates were fed every 4 h with the same term formula milk. The formula (Milupa GmbH, Friedrichsdorf, Germany) contained 1.8 g protein, 8.1 g carbohydrate, 3.7 g fat, and 72 kcal/100 mL. To rule out interindividual differences in energy intake in infants fed mother's milk, breastfed infants were not included in this study. Weight gain was calculated as the mean value from the consecutive days around the calorimetric measurements.
In the preterm infants, parenteral nutrition was started immediately after birth with glucose, amino acids, lipids, and electrolytes. Gastric nutrition was initiated with small amounts of preterm formula on the first day of birth. In the first study week (3-5 d after birth), infants received 20-50% of the total calorie intake parenterally and 50-80% enterally via a gastric tube. From the second week on, all infants were exclusively fed preterm formula. All preterm infants received the same formula, which was given every 2 or 4 h via gastric tubes as bolus or orally. The formula (Milupa GmbH, Friedrichsdorf, Germany) contained 2.4 g protein, 7.8 g carbohydrate, 4.4 g fat, and 80 kcal/100 mL. When the preterm infants reached a corrected gestational age of 36 wk, preterm formula was replaced by the formula for full-term infants within 4 d.
Body weight was measured daily at 0800 with a calibrated electronic scale with a resolution of 1 g. To estimate the energy content of the formula, the Atwater system was used (protein = 4 kcal/g, carbohydrate = 4 kcal/g, fat = 9 kcal/g).
Indirect calorimetry
Measurements of maximal oxygen uptake ( _ VO 2 ) and maximal carbon dioxide uptake ( _ VCO 2 ) were performed with a portable open-circuit continuous indirect calorimetry device designed for neonates (Deltatrac II Metabolic Monitor; Datex-Ohmeda, Instrumentarium Corp, Helsinki, Finland), which calculated REE. Details of the technique, the precision of the device, and its validation for indirect calorimetry in neonates and preterm infants were as previously described by our group and others (3-5, 21, 22) . The accuracy of the device was tested as a mean experimental error for _ VO 2 measurements of 2 6 2% (22). This transportable device consists of a fast differential paramagnetic oxygen sensor and an infrared carbon dioxide sensor attached to a silicon face mask or to a transparent hood that is continuously ventilated by a constant-flow generator. The face mask, with a capacity of 40 mL, covered the infant's mouth and nose (Laerdal Medical, Graefelfing, Germany), and _ VO 2 and _ VCO 2 measurements were accurate at a flow of 3 L/min (error: 21 6 0.8%), and a tidal volume under 15 mL/breath as recently described and tested by Bauer et al (22) . The device does not measure inspiratory and expiratory oxygen concentrations separately, but measures 0.01% (vol) O 2 differences as a 1-min average very accurately. The device was calibrated before each measurement with a standard calibration gas (5% O 2 and 95% CO 2 ). The analyzer was set at zero according to room air. Calibration gases were prepared to an accuracy of 60.03% and certified gravimetrically. A silicon face mask was used for the preterm infants, and a transparent hood was used for the term neonates. Marks et al (23) and Bauer et al (22) showed that a face mask gives more reliable results in very-low-birth weight infants (,1500 g) than does a hood and offers the advantage of ready access to the infant. The Deltatrac II monitor stores each minuteto-minute _ VO 2 and _ VCO 2 values and REE electronically. At the end of the measurements, the values were transmitted to a personal computer and processed by using SAS for Windows (SAS Institute, Cary, NC). The nonprotein EE was calculated from _ VO 2 and _ VCO 2 as EE = 5.50
.
Study protocol
According to the recommendations for neonatal calorimetry (1, 25) , REE was defined as EE at rest or during sleep in thermoneutrality, !1 h after the previous feeding. It incorporates the basal metabolic rate, which is difficult to measure in preterm infants and neonates because they cannot be fasted long enough and because of additional EE arising from postprandial metabolism that still lingers after the last feed.
If inclusion criteria were fulfilled, measurements of REE began in preterm and in full-term neonates on days 3-5 of postnatal life. Indirect calorimetry was started at 1500-1600 and lasted for '6 h continuously per day in each infant, except for the period of breastfeeding and feeding. Because EE is influenced strongly by feeding (25) , each period of indirect calorimetry began 1 h after feeding, including an equilibration time of 15 min, as recommended by the manufacturer. Therefore, each period of calorimetry began 60 min after feeding and lasted for 60, 120, or 180 min depending on the feeding intervals to minimize the effects of postprandial thermogenesis on the results. Several periods of measurements were conducted subsequently in each infant to obtain a total of 6 h of calorimetry data. The measurement was only interrupted for breastfeeding and feeding procedures. Indirect calorimetry was repeated in the same infants under identical conditions every week, over a 5-wk period in the full-term neonates and over a 6-wk period in the preterm infants.
Statistical analysis
Data were analyzed by using SPSS statistical software (version 17.0 for Windows; SPSS Inc, Chicago, IL) and SAS version 9.2 for Windows (SAS Institute Inc). The results are given as means 6 SDs. Linear regression and analysis of covariance on the whole set of data were used to determine the significant predictors of REE. Mixed linear models were established, ie, random subjects effects were included in all models to account for intrasubject correlation of repeated measurements over time. P values ,0.05 were considered statistically significant.
RESULTS
A total of 197 consecutive infants, including 183 preterm infants and 14 full-term neonates were eligible for the study. Because only healthy preterm and full-term neonates were selected, the infants were recruited over a period of 7 y by the principal investigator (JB). Seven healthy full-term neonates and 8 preterm infants from the total infants with a gestational age of 26 to 28 wk were included in our previous publications (5, 15) . A total of 28 infants were excluded during the recruitment period because they needed antibiotics for sepsis treatment (n = 12), they needed other drugs that could alter EE measurements (n = 6), they required surgery (n = 4), they were transferred to other hospitals (n = 4), and because their parents did not consent to their participation in the study (n = 2). The excluded preterm infants and full-term neonates did not differ from the study population with regard to gestational age and birth weight (data not shown).
All 197 infants studied spent the entire time of calorimetry in states 0-1, which means that !80-85% of the measuring time was recorded in sleep periods with low activity, and REE was 90-95% of EE.
In the premature infants with a gestational age of 26 to 28 wk, REE values increased 2.4-fold during the 5-wk observation period ( Table 1) . Energy intake was always higher than REE and reached a maximum of 123 kcal Á kg 21 Á d 21 at 5 wk, and no energy deficits were detected at any study time. In the more mature infants with a gestational age of 29 to 32 wk, REE increased by 77% from weeks 1 to 5 and by 60% from weeks 1 to 4 in the infants with a gestational age of 33 to 35 wk. Full-term neonates showed a moderate increase in REE of 47% from weeks 1 to 4 (Tables 2-4). The increases in REE from one study week to the next were significant for all study periods and gestational age groups (P , 0.0001 for all comparisons). The relation between REE and energy intake in preterm infants of all gestational ages is shown in Figures 1-3 .
We conducted linear regression and analysis of covariance analyses to study the influence of energy intake, postnatal age, and body weight gain as independent variables on REE. In a univariate analysis the regression of REE by energy intake showed a close relation (r 2 = 0.606, P , 0.0001). We calculated that, for each additional kcal given, REE increased by 0.701 kcal (95% CI: 0.679, 0.724), ie, 70% of the energy intake was expended and 30% was available for growth. The figures were qualitatively identical at all gestational ages. REE was also strongly related to postnatal age (r 2 = 0.727, P , 0.0001). By analyzing the regression of REE by postnatal age and adjusted by gestational age, we found that, for each postnatal week, REE increased by 9.638 kcal (95% CI: 9.369, 9.907) in the infants with a gestational age of 26 to 28 wk, by 6.934 kcal (95% CI: 6.601, 7.267) in the infants with a gestational age of 29 to 32 wk, and by 7.556 kcal (95% CI: 7.154, 7.958) in the more mature infants with a gestational age of 33-35 wk.
In univariate analyses, a significant correlation between REE and weight gain was found (r 2 = 0.338, P , 0.0001). Regression analyses of REE by weight gain showed that a gain of 1 g in body weight resulted in a rise in REE of 1.78 kcal (95% CI: 1.658, 1.901). (14) of from 27 to 35 kcal Á kg 21 Á d 21 in the first week of life in stable preterm infants with a similar gestational age. We confirmed our own previously published data in a small number of premature infants (birth weight ,1000 g), which showed lower REE values in the first week after birth (15) . Other comparable REE data of stable and healthy micropremies shortly after birth have not been found in the literature. These values may be explained by the inclusion of selected subjects in both our studies without respiratory complications and major postnatal morbidities. Other investigators studied premature infants with severe respiratory disease or mechanical ventilation and reported higher REE values ( 10-15%), which are attributed to the increased oxygen consumption of injured lungs and consequently showed elevated REE values compared with our group. Our immature infants were nursed in double-walled incubators to minimize heat loss, whereas some of the previous investigators used open incubators, thereby increasing the heat loss significantly. Few longitudinal studies of REE have been conducted in extremely premature infants (,30 wk of gestation); most investigations have been conducted in considerably more mature infants who received more calories and presented greater physical activities, which have shown that REE increases with advancing postnatal age. Additionally, early provision of a higher energy supply in other studies may have increased REE in their infants (13) . We found a close correlation between REE and energy intake in accordance with previous trials (11, (13) (14) (15) . In the smallest infants (26-28 wk) in our present study, REE values increased by 140% during the observation time, by 77% in the more mature infants (29-32 wk), and by 60% in the neonates of advanced gestational age (33-35 wk). These results are similar to our own previous report and to 2 other studies (14, 15) that included a very small number of subjects but that studied healthy and growing immature neonates during the first weeks after birth. However, the present data show a major difference between the minimum and maximum REE values. We thought that the current values expose or reflect probably more realistic levels of energy expended in this population without any alterations related to illness, thermal environment, or medications. Caffeine was the only medication with a potential effect on metabolic rate that was given to all infants during the study period. Previously, we showed that long-term administration of caffeine was associated with an increase in REE of 21 kcal Á kg 21 Á d 21 after 48 h of treatment compared with pretreatment levels (4). Other researchers found a 19% higher REE in infants who received long-term caffeine than in nontreated infants (14) . In this study there was no information about the time span between the first administration of caffeine and the first calorimetric measurement. The REE values in this study in the first week after birth were similarly low compared with our values. We hypothesize that the lower REE values acquired in our smallest neonates shortly after birth were not altered by caffeine therapy, because calorimetry was conducted in almost all infants 5 h, on average, after the first caffeine dose. Nevertheless, longterm metabolic stimulation associated with caffeine therapy should be considered in evaluations of REE in preterm infants treated with this medication.
DISCUSSION

One of the most remarkable findings in our investigation
We found that the difference between energy intake and REE was positive during the entire observation time and reached 40 kcal Á kg 21 Á d 21 in the first week of postnatal age in all groups. These values were more rapidly achieved in the fullterm infants (second week) than in the premature infants (third week). Assuming that '10% of the energy intake is lost via feces and urine (1, 26) and that physical activity accounts for losses of 3% in premature infants (9) and of 5% in term infants (27, 28) , '35 and 34 kcal Á kg 21 Á d 21 of the energy intake was available for growth. This agrees with the findings of a multiple regression analysis performed in preterm infants weighing ,1000 g studied during the first 6 wk of postnatal life (15) . Daily weight gains in the fourth week of postnatal life were 12, 14, 14, and 12 g Á kg 21 Á d 21 in the infants with gestational ages 33 to 41 wk, energy storages of 2.9, 2.5, 3.5, and 2.8 kcal, respectively, per 1 g of newly formed tissue can be calculated for the 4 groups. Because fat accretion in newly formed tissue contains more energy than protein, highenergy storage per 1 g of weight gain indicates that weight gain is associated with high fat accretion. In the fetus, energy storage increases from 0.6 kcal/g at 24 to 26 wk of gestational age to 2.6 kcal/g at 39 to 40 wk of gestational age (29) . Preterm infants frequently have higher levels of energy storage of up to 4 kcal/g. Reichman et al (30) calculated that the fat content of new tissue in the fetus is 11%, whereas energy storage of 4 kcal/g indicates that new tissue contains 32% fat, which is far above the normal level of fetal fat accretion (29) . In full-term infants, newly formed tissue contains 41% fat (31) . This corresponds to an energy storage of 2.8 kcal/g in full-term neonates per 1 g of weight gain in our study. The consequences of the higher fat accretion in the preterm infant compared with adipose tissue deposition during the fetal period are unknown with respect to subsequent growth, development, and effect on lipid metabolism and development of metabolic syndrome as obesity and diabetes in later life. A recent study showed that preterm infants have a highly significant decrease in subcutaneous adipose tissue and a significant increase in intraabdominal adipose tissue (32) . In adults, intraabdominal or visceral adiposity is associated with insulin resistance, even in lean individuals and in those with dyslipidemia (33) . Inadequate nutritional intakes can lead to excessively rapid growth of body fat stores during early life, which can result in obesity, insulin resistance, and the development of the metabolic syndrome in later life.
A potential limitation of our study was the long period of subject recruitment due to the careful selection of a large group of healthy and growing premature infants and to the longitudinal design of the investigation. To minimize possible confounding variables associated with a long recruitment period, all participants received the same formula and almost all infants were measured by one principal investigator (JB) throughout the observation period. The nutritional regimen and study protocol were strictly followed over the years.
We concluded that, in preterm and full-term infants, REE increases during the first weeks of life with rising energy intakes, whereas a positive energy balance could be achieved from the first week of life with our nutritional regimen. The difference between energy intake and REE reaches '40 kcal Á kg 21 Á d 21 at 3 to 6 wk of postnatal age, independent of gestational age, without the inclusion of energy lost via feces and urine. Consequently, energy disposition was much lower. Our longitudinal study provides REE reference values from a relatively large population of healthy growing preterm infants and full-term neonates measured under standardized conditions and extending over the first weeks after birth. This approach helps to predict EE from energy intake with acceptable accuracy and is very helpful in determining not only the energy needs of the infants but also their response to consistent nutritional protocols. Nevertheless, future investigations of nutrient requirements, energy balance, and body composition should focus on infants with more variable energy metabolism, such as in infants with intrauterine growth restriction and or with severe postnatal diseases.
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